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Abstract 
 
 A suite of torbernites and metatorbernites have been analysed by Near-infrared 
spectroscopy.  The spectra of torbernites and metatorbernites in the first HOH 
fundamental overtone are different and the spectra of torbernites of different origins in 
the 6000 to 7500 cm-1 region vary.  NIR spectroscopy provides a method of studying 
the hydration of cations in the interlayer of torbernite.  NIR spectroscopy shows that 
the spectra of torbernites from different origins in the water HOH first fundamental 
overtone and combination regions are different.  This difference implies the hydration 
of cations is different for torbernite minerals. The structural arrangement of the water 
molecules in the interlayer is sample dependent.  The NIR spectra of metatorbernites 
are different from that of torbernites and a similarity of the spectra of metatorbernites 
suggests that the water structure in metatorbernites is similar.   
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Introduction 
 
The chemistry of uranium minerals is important for the solution of 
environmental problems; for example the remediation of contaminated sites and the 
restoration of soils. Often a rapid technique for the identification of these minerals is 
required.  Vibrational spectroscopy offers a multitude of techniques and near-IR is 
one method for these analyses[1-3]. This technique has the advantages of rapidity and 
remote sensing.  The addition of phosphates to the contaminated site has been 
proposed as a method for the immobilisation of uranium and other radionuclides.  
Such additions can lead to the formation of minerals such as torbernite and 
metatorbernite. As such the possibility arises for the formation of minerals such as the 
autunites. Uranyl phosphates and arsenates form one of the largest and most 
widespread groups of uranium minerals [4]. The autunite group of minerals are 
tetragonal uranyl arsenates and phosphates. The minerals have a general formula 
M(UO2)2(XO4)2.8-12H2O where M may be Ba, Ca, Cu, Fe2+, Mg, Mn2+ or ½(HAl) 
and X is As, or P.  Autunites are common minerals, yet have been rarely studied in 
terms of Near-IR spectroscopy. The minerals have a characteristic layer-like structure 
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[5],[6, 7]. Uranium is bound in uranyl-phosphate layers. The cations and water are 
located in the interlayer. The mineral autunite has the formula 
Ca[(UO2)2(PO4)]2.11(H2O) [5] . Autunite structure has been solved [5].  Yet because 
rapid dehydration in air, the details of its symmetry and structure of the dehydration 
products are uncertain.  The structure contains the well-known autunite type sheet 
with composition [(UO2)(PO4)] [8], resulting from the sharing of equatorial vertices 
of the uranyl square bipyramids with the phosphate tetrahedra [9]. The calcium atom 
in autunite in the interlayer is coordinated by seven H2O groups and two longer 
distances to uranyl apical O atoms. Two symmetric independent H2O groups are held 
in the structure only by hydrogen bonding [5]. 
 
 Cejka et al. has reported the infrared spectroscopy of many uranyl minerals [7, 
10-12] . The free uranyl ion (UO2)2+ with point symmetry Dh should exhibit four 
fundamental modes symmetric stretching vibration 1, bending vibration 2 and the 
antisymmetric stretching vibration 3.  The bending mode is doubly degenerate since 
it can occur in two mutually independent planes [10].  Hence the linear uranyl group 
has four normal vibrations but only three fundamental modes can be distinguished.  
Interestingly enough the infrared spectra of the OH stretching region of autunites has 
not been reported as much as the UO2 and PO4 or AsO4 stretching region.  Farmer 
reported the infrared spectra of the OH stretching region of some selected uranyl 
phosphates and arsenates [13].  Infrared bands were reported for autunite at 3435 and 
2935 cm-1, for torbernite at 3570, 3430 and 2940 cm-1 and for metazeunerite at 3430 
cm-1.   Variation in the position of the water HOH bending mode was also reported.  
The significance of these results rests with the variation of the structure of water 
between the autunite layers.  Water may be as water of hydration of the particular 
cation in the uranyl phosphate or uranyl arsenate interlayer and hydrogen bonded 
water. Infrared spectroscopy and Near-IR spectroscopy is an invaluable tool for the 
analysis of the water in torbernites. Here we report the NIR and IR spectroscopy of 
selected torbernites.    
 
 
Experimental 
 
Minerals 
 
The minerals used in this research and their origin are shown in Table 1.  The 
minerals have been analysed by X-ray diffraction for phase identification and by 
electron probe analysis for composition.  
Infrared and Near-infrared spectroscopy (NIR) 
 
Infrared spectra of the torbernites and metatorbernites were obtained using a 
Nicolet Nexus 870 FTIR spectrometer with a smart endurance single bounce diamond 
ATR cell.  No sample preparation was involved other than placing the torbernite 
crystals between the diamond windows. Spectra over the 4000 to 525 cm-1 range were 
obtained by the co-addition of 64 scans with a resolution of 4 cm-1 and a mirror 
velocity of 0.6329 cm/s. Near IR spectra were collected on a Nicolet Nexus FT-
IR spectrometer with a Nicolet Near-IR Fibreport accessory.  A white light source 
was used, with a quartz beam splitter and TEC NIR InGaAs detector.  Spectra were 
obtained from 11 000 to 4000 cm-1 by the co-addition of 64 scans at a resolution of 
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8cm-1. A mirror velocity of 1.2659 was used.  The spectra were transformed using the 
Kubelka-Munk algorithm to provide spectra for comparison with absorption spectra.  
 
Spectral manipulation such as baseline adjustment, smoothing and 
normalisation were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Lorentz-Gauss cross-product function with 
the minimum number of component bands used for the fitting process. The Gauss-
Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken 
until reproducible results were obtained with squared correlations of r2 greater than 
0.995.  
 
Results and discussion 
 
 The Near–IR spectral regions may be conveniently divided into three regions 
(a) the high wavenumber region between 6400 and 7400 cm-1 attributed to the first 
overtone of the fundamental hydroxyl stretching mode (b) the 4800-5400 cm-1 region 
attributed to water combination modes and (c) the 3000-4000 cm-1 region attributed to 
the stretching modes of water in torbernites and metatorbernites.  The NIR spectra of 
four torbernites and three metatorbernites in the 6400 and 7400 cm-1 region are shown 
in Figures1 and 2 respectively.  The results of the spectral profile analyses are 
reported in Table 2.  The spectra of the first water OH overtone in the 5800 to 7200 
cm-1 region show strong similarity in the overall spectral profile.  This profile consists 
of three intense bands at around 6751, 6586 and 6353 cm-1 with other low intensity 
bands contributing to the overall spectral profile.  The positions of these three bands 
are sample dependent.   
 
 The spectra in the 6400 and 7400 cm-1 region are the first overtone of the 
water OH fundamental.  The spectra of the water OH stretching region in torbernites 
and metatorbernites are shown in Figures 3 and 4.  The complexity of the OH 
stretching region of both torbernites and metatorbernites make the band component 
analysis difficult.  OH stretching bands are observed for the torbernite from the 
Musonoi Mine, Near Kolwezi, Shaba Province, Zaire at 3519, 3412, 3345, 3284, 
3173, 2957, 2925 and 2720 cm-1.  The three most intense bands are the bands at 3284, 
3173 and 2957 cm-1.   The second sample from the Musonoi Mine shows a similar 
spectral analysis.  The spectrum of the sample from Mount Painter shows intense 
bands at 3279, 3150 and 2898 cm-1 with other bands observed at 3426, 3408, 3342, 
3033, 2916 and 2655 cm-1.  The spectra of the OH stretching region for the samples 
from the Musonoi Mine are different from that of Mount Painter and Elsharana. Thus 
the NIR spectra in the 6400 and 7400 cm-1 region in the first overtone of the 
fundamental will be different.  The spectra of the metatorbernites show greater 
variation in spectral profile and are different from that of torbernites.  Although the 
spectra look similar subtle differences exist between the spectra of the different 
samples in this spectral region. 
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 The IR spectrum of the OH stretching region of the metatorbernite 
from Crown King show intense bands at 3279, 3171 and 2940 cm-1. The bands are in 
different positions to that of torbernites.  The spectra of the water HOH stretching 
region of the metatorbernite from Mt Painter shows two intense bands at 3298 and 
2992 cm-1.  Studies have shown a strong correlation between OH stretching 
frequencies and both O…O bond distances and H…O hydrogen bond distances [14-17].  
Libowitzky (1999) based upon the hydroxyl stretching frequencies as determined by 
infrared spectroscopy, showed that a regression function can be employed relating the 
hydroxyl stretching wavenumbers and the hydrogen bond distances with regression 
coefficients better than 0.96 [18].  The function is 1 = 3592-304x109exp(-d(O-
O)/0.1321) cm-1. The equation appears to work well for band positions below around 
3590 cm-1. Above this position, the function is not suitable.  Thus the calculation does 
not work for weka hydrogen bonding i.e. long distance hydrogen bonds.  The bands at 
3298 and 2992 cm-1 would provide hydrogen bond distances of 2.74 and 2.647 Å.  
One means of categorising the hydrogen bond distances of water in torbernites and 
the dehydrated torbernites is to allocate the hydrogen bonds according to the hydrogen 
bond distances.  H-bonds above 2.78 Å may be classed as weak hydrogen bonds; 
bond distances between 2.68 and 2.78 Å as intermediate hydrogen bonds and bond 
distances shorter than 2.68 Å as strong hydrogen bonds.  The spectrum of the water 
HOH stretching region of the metatorbernite from the Elsharana mine shows bands at 
3369, 3278, 3096, 2915 and 2811 cm-1 with other minor components.  The spectrum 
also shows impurity of kaolinite. Calculations using these bands would give hydrogen 
bond distances of 2.778, 2.773, 2.673, 2.63 and 2.613 Å respectively.   
 
The NIR spectra of the water combination region of torbernites and 
metatorbernites are shown in Figures 5 and 6.  Three intense bands are observed for 
the torbernite from the Musonoi Mine at 5121, 5005 and 4821 cm-1.  The torbernite 
from Mount Painter shows more complexity with bands observed at 5102, 5018, 4939 
and 4850 cm-1.   The Elsharana torbernite shows two strong bands at 5133 and 5001 
cm-1.   The metatorbernite from Crown King displays three intense bands in this 
region at 5118, 5034, 4940 cm-1. The Mount Painter spectrum has bands at 5102, 
4999 and 4872 cm-1 with other minor components. The metatorbernite from Elsharana 
Mine displays bands at 5121, 5049 and 4948 cm-1.   
 
Conclusions 
 
 Near-IR spectroscopy is a technique, which has not been previously applied to 
the study of torbernites.  Indeed torbernites by their very nature, being composed of 
interlayer water and anions coordinated to a hydroxyl surface, lend themselves to 
study by NIR.  NIR reflectance techniques have proven must useful for the analysis of 
torbernites. Three Near–IR spectral regions are identified: (a) the high wavenumber 
region between 6400 and 7400 cm-1 attributed to the first overtone of the water 
stretching mode (b) the 4800-5400 cm-1 region attributed to water combination modes 
and (c) the 3000-4000 cm-1 region attributed to the stretching modes of water.   
The technique of near-IR spectroscopy for the study of torbernites shows great 
potential for the understanding of the interactions between water and the interlayer 
cation.   
 
NIR spectroscopy shows that the spectra of torbernites from different origins 
in the water HOH first fundamental overtone and combination regions are different 
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for different mineral samples.  This difference suggests that the hydration of cations is 
different between the different torbernite minerals. The structural arrangement of the 
water molecules in the interlayer is sample dependent.  The NIR spectra of 
metatorbernites are different from that of torbernites and a similarity of the spectra of 
metatorbernites suggests that the structure of water in metatorbernites is similar.  NIR 
spectroscopy has the potential to distinguish between torbernites, metatorbernites and 
other autunites.  
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Table 1 Table of the torbernite minerals and their origin used in this study 
 
Mineral Number Location 
Min. Res. 
Co. 
Musonoi Mine, Near Kolwezi, 
Shaba Province, Zaire 
D45364 Musonoi Open Pit, Kolwezi, Shaba, 
Zaire 
M27808 Mount Painter, 9km N of Arkaroola, 
SA 
Torbernite 
M39006 Elsharana, NT 
Min. Res. 
Co. 
3 mi. S of Crown King, Bradshaw 
Mts., Yavpai Co., Arizona 
D21239 Mount Painter, Flinders Ranges, SA 
Metatorbernite 
M47219 El Sharana mine, South Alligator 
river, NT 
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Table 2 
Torbernite Meta-torbernite 
Min. Res. 
Co. 
D45364 M27808 M39006 Min. Res. 
Co, 
D21239 M47219 
Musonoi 
Mine, Near 
Kolwezi, 
Shaba 
Province, 
Zaire 
Musonoi 
Open Pit, 
Kolwezi, 
Shaba, Zaire 
Mount 
Painter, 9km 
N of 
Arkaroola, 
SA 
Elsharana, 
NT 
3 mi. S of 
Crown King, 
Bradshaw 
Mts., Yavpai 
Co., Arizona 
Mount 
Painter, 
Flinders 
Ranges, SA 
El Sharana 
mine, South 
Alligator 
river, NT 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
6913 / 1.44 
6751 / 15.76 
6586 / 7.82 
6491 / 3.54 
6353 / 12.89 
6143 / 2.38 
5692 / 0.96 
5579 / 1.40 
5495 / 0.31 
 
6929 / 0.74 
6767 / 10.91 
6568 / 13.83 
6332 / 8.72 
6154 / 2.83 
5692 / 0.86 
5575 / 1.11 
5489 / 0.27 
 
6855 / 5.75 
6723 / 13.13 
6545 / 8.13 
6351 / 10.99 
6152 / 1.99 
5646 / 0.98 
5535 / 1.01 
 
7195 / 0.13 
7069 / 0.04 
6876 / 3.33 
6757 / 14.89 
6557 / 22.55 
6325 / 11.25 
6145 / 3.71 
5694 / 1.16 
5582 / 1.94 
5491 / 0.42 
7068 / 0.12 
6754 / 14.50 
6491 / 20.68 
6230 / 4.10 
6030 / 0.13 
5721 / 0.23 
5617 / 1.67 
5513 / 0.58 
5462 / 0.05 
 
6834 / 5.88 
6736 / 11.11 
6572 / 8.28 
6427 / 7.08 
6317 / 5.29 
6167 / 3.30 
 
7066 / 0.23 
6835 / 2.22 
6741 / 2.36 
6620 / 10.85 
6362 / 15.29 
5593 / 2.82 
 
5241 / 0.86 
5121 / 12.50 
5005 / 31.99 
4821 / 7.73 
4517 / 0.20 
4416 / 0.09 
 
5239 / 1.35 
5116 / 13.05 
5021 / 26.56 
4862 / 19.57 
4584 / 0.20 
 
5223 / 3.34 
5102 / 20.19 
5018 / 17.52 
4939 / 7.10 
4850 / 7.05 
4757 / 1.72 
4541 / 0.43 
 
5239 / 2.39 
5133 / 12.23 
5001 / 22.53 
4836 / 2.29 
4749 / 0.64 
4533 / 0.50 
 
5299 / 0.21 
5218 / 2.43 
5118 / 15.89 
5034 / 18.10 
4940 / 15.07 
4847 / 2.94 
4768 / 1.86 
4584 / 0.15 
4530 / 0.60 
5695 / 0.83 
5584 / 1.52 
5497 / 0.40 
5230 / 1.77 
5102 / 23.75 
4999 / 17.97 
4872 / 9.93 
4766 / 1.70 
4550 / 0.66 
5187 / 8.70 
5121 / 4.69 
5049 / 22.39 
4948 / 22.06 
4810 / 4.92 
4550 / 1.91 
4527 / 0.72 
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4393 / 0.11 
4337 / 0.03 
 4178 / 0.68 
 
 4181 / 0.67 
 
4179 / 0.53 
 
4194 / 0.84 
 
3519 / 6.18 
3412 / 9.64 
3345 / 6.13 
3284 / 16.71 
3173 / 22.09 
2957 / 29.34 
2925 / 5.65 
2720 / 4.25 
 
3470 / 5.44 
3410 / 6.82 
3345 / 7.97 
3282 / 11.66 
3197 / 19.79 
3011 / 14.05 
2921 / 10.24 
2869 / 19.57 
2637 / 4.47 
 
3426 / 10.46 
3408 / 3.64 
3342 / 3.29 
3279 / 21.63 
3150 / 12.56 
3033 / 5.08 
2916 / 9.89 
2898 / 27.77 
2655 / 5.69 
 
3481 / 5.23 
3409 / 8.06 
3343 / 8.21 
3282 / 15.62 
3189 / 11.24 
3041 / 15.52 
2920 / 11.23 
2877 / 19.08 
2677 / 5.79 
 
3694 / 0.16 
3622 / 0.05 
3599 / 1.97 
3461 / 8.35 
3408 / 6.31 
3345 / 7.62 
3279 / 17.30 
3171 / 14.67 
2940 / 34.37 
2921 / 6.60 
2667 / 2.59 
3693 / 0.11 
3490 / 6.52 
3411 / 3.86 
3346 / 1.66 
3298 / 36.67 
2992 / 39.91 
2923 / 8.39 
2660 / 2.89 
 
3695 / 0.82 
3661 / 0.81 
3620 / 0.51 
3604 / 1.29 
3410 / 1.44 
3369 / 19.42 
3342 / 1.92 
3278 / 10.36 
3096 / 32.03 
2915 / 13.64 
2811 / 17.77 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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